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In this work, first principle calculations of Cu2ZnSnS4 (CZTS), Cu2ZnGeS4 (CZGS) and Cu2ZnSiS4
(CZSS) are performed to highlight the impact of the cationic substitution on the structural, electronic
and optical properties of kesterite compounds. Direct bandgaps are reported with values of 1.32, 1.89
and 3.06 eV respectively for CZTS, CZGS and CZSS. In addition, absorption coefficient values of the
order of 104 cm−1 are obtained, indicating the applicability of these materials as absorber layer for
solar cell applications. In the second part of this study, ab initio results (absorption coefficient, refrac-
tive index and reflectivity) are used as input data to model the electrical power conversion efficiency of
kesterite-based solar cell. In that perspective, we used an improved version of the Shockley-Queisser
theoretical model including non-radiative recombination via an external parameter defined as the in-
ternal quantum efficiency. Based on predicted optimal absorber layer thicknesses, the variation of the
solar cell maximal efficiency is studied as a function of the non-radiative recombination rate. Maximal
efficiencies of 25.88 %, 19.94 % and 3.11 % are reported respectively for Cu2ZnSnS4, Cu2ZnGeS4
and Cu2ZnSiS4 for vanishing non-radiative recombination rate. Using a realistic internal quantum ef-
ficiency which provides VOC values comparable to experimental measurements, solar cell efficiencies
of 15.88, 14.98 and 2.66 % are reported respectively for Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4 (for
an optimal thickness of 1.15 m). With this methodology we confirm the suitability of Cu2ZnSnS4
in single junction solar cells, with a possible efficiency improvement of 10% enabled through the re-
duction of the non-radiative recombination rate. In addition, Cu2ZnGeS4 appears to be an interesting
candidate as top cell absorber layer for tandem approaches whereas Cu2ZnSiS4 might be interesting
for transparent photovoltaic windows.
1. Introduction
Over the years, photovoltaic (PV) thin film technology
has emerged as an interesting candidate for efficient and large-
scale energy production. To this aim, this technology must
fulfill several criteria such as low-cost thin film synthesis,
high solar cell efficiency and materials resources availability
and accessibility [1]. In relation with the latter point, the Eu-
ropean Commission has identified Ga and In as critical raw
materials and highlighted the scarcity of those elements used
for the synthesis of inorganic chalcogenide CuInGa(S,Se)2
(CIGS) alloys implemented as absorber layer for PV appli-
cations [2]. Despite the high efficiency reported for CIGS
solar cells, with a record value of 23.3% [3, 4], the incor-
poration of this material in a large-scale energy production
technology might be compromised. This justifies an urgent
search for alternative compositions with comparable or bet-
ter efficiencies than CIGS. As a consequence, over the past
20 years, the scientific community has been investigating
kesterite Cu2ZnSn(S,Se)4 materials as absorber layer in so-
lar cell applications [5]. Benefiting from thewell-established
knowledge of CIGS, kesterite-based solar cell efficiency grad-
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ually increased over the years, reaching values of 12.6% for
Cu2ZnSn(S,Se)4 [6] and 11% for Cu2ZnSnS4 [7] using var-
ious chemical [8] or physical [9] routes for the synthesis of
the kesterite thin films.
However, new challenges concerning further efficiency
improvements have recently arisen. Large open circuit volt-
age VOC deficits have been reported as responsible for the
efficiency limitation encountered [5, 10]. Several elements
have been pointed out as possible culprits for theVOC deficits,
including interface recombination due to bandsmisalignment
[11, 12], formation of secondary phases, and/or high intrin-
sic point defect concentration leading to non-radiative re-
combination in the kesterite bulk material [10]. As a re-
sult, recombination centres are present both at the architec-
tural level (band misalignments with the buffer layer) and
at the compositional/morphological level (intrinsic point de-
fects or secondary phases) within the absorber layer [5]. Fo-
cusing on the kesterite absorber layer, several solution paths
have been considered to overcome the current efficiency lim-
itation, like alloying using isoelectronic substitution elements
such as Ag for Cu, Ge for Sn or Se for S [13, 14] or via the
cationic substitution of Zn or Sn [15, 16].
In the past, alternative kesterite materials have been stud-
ied both theoretically and experimentally, leading to promis-
ing efficiencies for Ge-containing kesterite compounds [17–
22]. Using density functional theory (DFT) calculations,
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a few works reported predictions over structural properties,
electrical properties or optical properties of alternative kesterite
materials such as Cu2ZnSnS4 [23–26], Cu2ZnGeS4 [21, 23,
25–27] and Cu2ZnSiS4 [23, 25–27]. However, the variety
of computational approaches do not facilitate the compari-
son of the materials physical properties. In addition, to the
best of our knowledge, the DFT results are rarely compared
to experimental measurements.
In this work, we first investigate theoretically the cationic
substitution of Sn by two other iso-electronic elements: Ge
and Si, in kesterite Cu2ZnSnS4. The structural and opto-
electronic properties are calculated for Cu2ZnSnS4 as the
reference material [28, 29], Cu2ZnGeS4 as a promising ma-
terial regarding the experimental efficiency achieved [9, 21]
and Cu2ZnSiS4 as an interesting candidate regarding the el-
emental abundance [1]. Then, the obtained ab initio results
are used as input data to feed an improved version of the
Shockley-Queisser model, allowing us to connect the intrin-
sic material properties to the solar cell macroscopic prop-
erties. Via this cell efficiency modelling, physical quantities
such as the open circuit voltage VOC, the short circuit current
density JSC and the fill factor FF are computed.
In the first section of this paper, the structural properties
of the materials are presented. Then, in the following sec-
tions, theHeyd–Scuseria–Ernzerhof exchange-correlation func-
tionnal (HSE06) [30] is used to compute the electronic and
optical properties. Based on the band structures and the den-
sities of states (DOS), the electrical properties of the mate-
rials are reported and compared. To complete the investiga-
tion, the optical properties are presented and related to the
electrical ones. This approach allows us to extract the gen-
eral trends highlighting the impact of the cationic substitu-
tion of Sn by Ge and Si on the opto-electronic properties.
In the second part of this work, using the ab initio results
as input data, the upper limit of the kesterite-based solar cell
efficiency is calculated using the theoretical model proposed
by Blank et.al. [31]. This model allows us to compute phys-
ical quantities that can be compared to experimental results
such as the solar cell efficiency  using as parameters the so-
lar cell temperature T , the absorber layer thickness d and the
internal quantum efficiency Qi [31].
2. Computational method
First principle calculations have been performed using
Vienna Ab initio Simulation Package (VASP) code [32] with
the Projector-AugmentedWave (PAW) potential method [33].
Perdew-Burke-Ernzerhof (PBE)GGApseudo-potentials [34]
were used with orbitals Sn 4d and Ge 3d treated as valence
electrons. Ionic and electronic relaxation were achieved us-
ing a cut-off energy of 550 eV and a Γ-centered uniform k-
points mesh of 6×6×6 k-points. Applying the strongly con-
strained and appropriately normed semilocal density func-
tional (SCAN) [35, 36], the structures were relaxed until the
numerical convergence regarding the self-consistent cycles
reaches forces between ions less than 10−4 eV/Å. The sys-
tem total energy was converged down to 10−6 eV. During
relaxation, the symmetry was kept constant to the kesterite
point group symmetry (I − 4) and the atomic positions, cell
volume and cell shape were allowed to relax. Starting from
the relaxed structure, theHeyd–Scuseria–Ernzerhof exchange-
correlation functionnal (HSE06) [30] known for its bandgap
prediction accuracy [37], was used to compute the electronic
and optical properties.
3. Results and discussion
3.1. Structural properties
The lattice parameters a, b, c (cfr. Fig.1), the conven-
tional cell volume V and the atomic distances dCu−S and
dX−S (X=Sn,Ge,Si) were obtained as a result of the ionic
relaxation (Table 1).
Figure 1: Representation of the conventional cells of the
Cu2ZnXS4 (X=Sn,Ge,Si) kesterites.
The sequential substitution of Sn by Ge and Si induces
a contraction of the kesterite lattice parameters. A reduction
of a and b from 5.40 Å (Cu2ZnSnS4) to 5.25 Å (Cu2ZnSiS4)
is observed while the c parameter is reduced from 10.79
Å to 10.32 Å. The results reported in Table 1 are in good
agreement with experimental measurements for Cu2ZnSnS4
[25, 38–42] and Cu2ZnGeS4 [43]. To our knowledge, ex-
perimental characterisation of Si-pure kesterite crystal struc-
tures has not been reported yet. According to Refs. [44, 45],
an orthorhombic crystalline structure is observed for high Si
concentrations. Nevertheless, several theoretical works re-
ported values close to a, b = 5.25Åand c = 10.32Å [25, 26]
as reported here. This lattice contraction can be interpreted
by taking into account the successive reduction of the atomic
radius of the substitutional cation from rSn = 1.45 Å, to
rGe = 1.25 Å and to rSi = 1.10 Å [46]. In addition, the
cationic substitution implies a successive reduction of the
distances dX−S between the cation and the sulphur atom,
highlighting the variation of the equilibrium distances be-
tween the atoms as a result of the change in bond ionicity.
Consequently, the conventional cell volume decreases from
314.9 Å
3
for the Sn-containing compound to 294.87 Å
3
for
Cu2ZnGeS4 and to 283.94 Å
3
for Cu2ZnSiS4. One can also
notice that the cation substitution does not impact the dCu−S
distances. In the following section, the results presented here
will be put into perspective with the electronic properties.
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Materials a,b [Å] c [Å] V [Å3] dX−S [Å] dCu−S [Å] Exp. Theo.
Cu2ZnSnS4 5.40 10.79 314.90 2.44 2.29 [38–40] [25, 26, 41, 42]
Cu2ZnGeS4 5.30 10.51 294.87 2.26 2.28 [43] [25, 26, 47]
Cu2ZnSiS4 5.25 10.32 283.94 2.15 2.28 [44] [25, 26]
Table 1
Lattice parameters a, b and c (see Fig. 1) and conventional cell
volume V of Cu2ZnXS4 (X=Sn,Ge,Si) kesterites. Interatomic
distances between the cation (X=Sn,Ge,Si) and the sulphur
atom dX−S are reported as well as the copper-sulphur distances
dCu−S.
3.2. Electronic properties
As it can be observed in Fig. 2, all calculated kesterite
bands present a direct bandgap located at the Γ point. The
bandgap energy EG increases from 1.32 eV for Cu2ZnSnS4
to 1.89 eV for Cu2ZnGeS4 and to 3.06 eV for Cu2ZnSiS4 as
reported in Table 2. These results are comparable to those
reported by Zamulko et.al. in their theoretical investigation
[25]. In comparison to experimental values, the Sn-containing
kesterite bandgap is underestimated by 0.18 eV as usual re-
ported values are around 1.5 eV [9]. In contrast, the Cu2ZnGeS4
bandgap value of 1.89 eV fits with the reported experimental
bandgaps of 1.88 and 1.93 eV [43]. According to Ref. [48],
a bandgap value of 2.71 eV was experimentally obtained for
Cu2ZnSiS4.
We provide here a focus on the orbitals projected DOS
and their contributions to electronic states in the band struc-
ture, for the Sn-kesterite compound (Fig. 2a). Themain con-
tributions to the conduction band states come from S 3p and
Sn 5s atomic orbitals close to the bottom of the band and S 3p
and Sn 5p atomic orbitals for higher energy levels. Concern-
ing the valence band, the hybridisation between Cu 3d and
S 3p orbitals provide the main contributions to energy states
at the top of the band [49]. This tendency is also observed
for the two other kesterite materials, i.e. the bottom of the
conduction band is formed by either the s atomic orbital of
the cation X (X=Sn, Ge) or the p orbital of the cation Si and
the 3p orbital of the chalcogen S, while the contributions to
the top of the valence band come from the 3d atomic orbital
of Cu and the 3p atomic orbital of the sulphur element.
For Cu2ZnGeS4 and Cu2ZnSiS4, the substitution of Sn
by Ge and Si (Figs. 2b & 2c) seems to slightly flatten the en-
ergy level at the bottom of the conduction band. The bandgap
increase from 1.32 to 3.06 eV is due to the variation of the
chemical interaction between the cation and the sulphur, which
leads to (i) a weak flattening of the energy level at the bot-
tom of the conduction band and (ii) a shift of this energy
level towards higher energies. To link those observations to
the structural properties of thematerials one can put into per-
spective the decrease of the cation/sulphur interatomic dis-
tance dX−S with the change in the chemical bonding and the
increase of the kesterite bandgap. In contrast, the substitu-
tion of the cation atoms leaves the valence band unchanged
as the orbitals contributing to these states are from Cu and S
for which the interatomic distances dCu−S are reported con-
stant from one kesterite material to another (cfr. Table 1).


























Figure 2: Band structures, densities of states and orbital pro-
jected densities of states of Cu2ZnXS4 (X=Sn,Ge,Si) kesterites.
The densities of states are presented with an applied gaussian
smearing of 0.08 eV. The band dispersion is calculated along
T : [0,0,1/2] - Γ: [0,0,0] - N : [1/2,1/2,1/2]. Main atomic
orbital contributions to the DOS are presented alongside the
figures.
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Materials EG [eV] (Exp.)
m∗∕∕ [me] m
∗
⟂ [me] ∞ [0] Theo.
Γv,1 Γv,2 Γv,3 Γc Γv,1 Γv,2 Γv,3 Γc
Cu2ZnSnS4 1.32 (1.50 [9]) -0.69 -3.32 -0.16 0.19 -0.77 -0.64 -0.19 0.18 6.77 [23, 25, 26]
Cu2ZnGeS4 1.89 (1.90 [43]) -0.72 -3.49 -0.19 0.23 -0.72 -0.63 -0.24 0.22 6.44 [23, 25, 26]
Cu2ZnSiS4 3.06 (N.A.) -1.44 -3.65 -0.25 0.26 -1.63 -0.68 -0.33 0.25 5.78 [23, 25, 26]
Table 2
Bandgaps EG and effective masses m∗ scaled by the free electron mass m0 of Cu2ZnXS4
(X=Sn,Ge,Si) kesterites. Effective masses have been calculated around the Γ high symme-
try k-point and along two directions in the reciprocal space: [0,0,0] to [0,0,1] (resp. [0,0,0]
to [0,1,0]) for the first effective mass component m⟂ (resp. for the second component
m∕∕). High-frequency dielectric constants ∞ of the materials are also presented and scaled
with the vacuum electrical permittivity 0.
sented in Table 2. These have been calculated around the Γ
point, at the direct bandgap location, and along two direc-
tions in the reciprocal space: [0,0,0] to [0,0,1] for the first
effective mass component m⟂ and along [0,0,0] to [0,1,0]
for the second component m∕∕. As shown in Fig. 2, one en-
ergy level is present at the bottom of the conduction band and
three energy levels are located at the top of the valence band.
Consequently, the effective masses have been calculated for
the lowest energy level in the conduction band named Γc and
for the three highest energy levels at the top of the valence
band Γv,1, Γv,2, Γv,3, labeled from the highest energy level to
the lowest one. For both the conduction and valence band,
the general trend observed is a slight increase of the effec-
tive mass absolute value when Sn is sequentially substituted
by Ge and Si. Then, as kesterite materials behave electri-
cally as p-type semiconductor [10], we first discuss the hole
effective mass values. As presented in Table 2, concerning
the m∗∕∕ component, Γv,2 effective masses are significantly
higher than Γv,1 and Γv,3, highlighting the presence of light
and heavy holes in this particular direction. In addition, sim-
ilar values are reported regarding Γv,1 and Γv,3 for the per-
pendicular component while, in contrast, Γv,2 is one order of
magnitude lower than in the parallel direction. Concerning
the electron effective masses, similar values are obtained for
both components m∗∕∕ and m
∗
⟂ with a slight increase from a
minimal value of 0.18 me to a maximal value of 0.26 me ob-
served as the Sn cation is substituted. Those results are in
good agreement with those obtained by Liu et.al. with re-
ported effective masses of 0.18, 0.21 and 0.26 me [26]. This
suggests that the hole and electron effective masses would
only slightly increase as Sn is substituted by Ge and then Si.
In summary, the cationic substitution does not impact sig-
nificantly the hole nor electron effective masses but leads to
a significant increase of the kesterite bandgap.
3.3. Optical properties
Following the computation of the electronic properties,
the optical properties of the kesterite materials have been
determined via the calculation of the dielectric tensor (E)
whose real 1 and imaginary 2 parts are shown in Fig. 3a
(see supplementary material for the detailed equations). In
this figure, the components xx, yy and zz of (E) are pre-
sented for each compound. It appears that the sequential sub-
stitution of Sn with Ge and Si leads to a decrease of the high
frequency dielectric response ∞ from 6.77 0 (Cu2ZnSnS4)
to 6.44 0 (Cu2ZnGeS4) and reaching 5.78 0 for the Si-
containing compound (cfr. Table 2). As expected, the de-
crease in ∞ is in agreement with the increase of the materi-
als bandgap. Concerning the imaginary part of the dielectric
tensor 2(E), the onset of absorption is also shifted towards
higher energies as the bandgap increases.
Then, the absorption coefficient (E) as well as the re-
flectivity R(E) and refractive index n(E) are computed as
described in the supplementary material. In Fig. 3b the ab-
sorption coefficient of the materials are presented alongside
the solar irradiance spectrum. First, one can notice that each
compound exhibits an absorption coefficient of the order of
104 cm−1 within the energy range of non-negligible solar ir-
radiance (between 0.5 and 4 eV). This result highlights the
applicability of these kesterite materials as absorber layer in
solar cell applications. However, an energetic shift of the
absorption curves is also observed from the Sn-containing
kesterite to the Si-containing kesterite with a first absorption
peak located at the respective bandgap energies of the mate-
rials. The Cu2ZnSnS4 and Cu2ZnGeS4 curves have a simi-
lar behaviour while for the Si-containing kesterite curve, the
plateau observed for the two other kesterites disappears as
a consequence of the energy level shift at the bottom of the
conduction (cfr. Fig. 2c). Finally, in Fig. 3c, the refractive
index n(E) and reflectivityR(E) are presented. As reported,
the refractive indices at 0 eV are 2.59, 2.53 and 2.40 re-
spectively for Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4 with
variations of 0.6 in values between 0 and 5 eV. Concerning
the reflectivity values, a variation from 20 to 30% within the
0 to 5 eV energy range is observed. Additionally, it is worth
noticing some reflectivity differences of nearly 10% between
Cu2ZnSnS4 and Cu2ZnSiS4 for some energy values.
3.4. Electrical power conversion efficiency
In this section, we focus on the theoretical modelling of
solar cell macroscopic physical quantities such as the short
circuit current density JSC, the open circuit voltage VOC and
the solar cell electrical power conversion efficiency  us-
ing Cu2ZnXS4 (X=Sn,Ge,Si) as absorber layer. The predic-
tions are realised based on the theoretical model presented
by Blank et.al. [31]. The improvements proposed by Blank
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(c) Refractive index and reflectivity
Figure 3: (a) Real 1 and imaginary 2 parts of the dielectric
tensor (E). For each compound, the xx, yy and zz compo-
nents of the tensor are presented. (b) The absorption coef-
ficients (E) and the solar irradiance spectrum are presented.
(c) Materials refractive indices n(E) and reflectivity R(E) spec-
tra.
et.al. over the Shockley-Queisser model are (i) the use of
the internal quantum efficiency Qi as a model parameter to
take into account non-radiative recombinations and (ii) the
incorporation of light trapping by taking into account the re-
fractive index n(E) in the calculation of the radiative current
density Jrad,0(n, d) [31] (see supplementary material).
Non-radiative recombinations occur via defects (intrin-
sic point defect, defect cluster or grain boundary) in the bulk
material acting as recombination centres which impact the
solar cell properties. Therefore, in this theoretical work, we
chose to use this physical quantity as a model parameter. In
that perspective, the internal quantum efficiency is expressed
as the ratio between the radiative recombination rate Rrad,0
and the total recombination rate: Rrad,0 +Rnrad,0, leading to






Considering a perfectly crystalline material, all recombi-
nations are radiative and the photons emitted (i. e., not reab-
sorbed) contribute to the emission spectrum of the material
which, in this model, is assumed as the black body spectrum
at temperature T = 300 K. These radiative recombinations
are therefore thermodynamically required and are propor-
tional to the amount of electrons within the conduction band
(i. e., proportional to the the temperature). This first situation
corresponds to an internal luminescence quantum efficiency
Qi value equals to unity for which the total recombination
rate R0 is equal to the radiative recombination rate Rrad,0.
If one considers intrinsic point defects and defect clusters
within the bulk material, the recombinations become of both
types: radiative and non-radiative. The thermodynamic con-
dition of emission must still be fulfilled (Rrad,0) and addi-
tionally, recombinations via recombination centres occur in
the bulk materials (Rnrad,0), leading to an increase of the to-
tal recombination rate R0. In this paper, the Qi value is re-
lated to the amount of non-radiative recombinations within
the bulk material which is proportional to the number of ra-
diative recombinations (Eq. (1)). Qi can consequently be
related to the internal quantum efficiency IQE which is an
experimentally measured physical quantity. The detailed de-
scription of the theoretical model proposed by Blank et.al. is
presented in the supplementary material. To feed this theo-
retical model we use the previously calculated optical results
((E), n(E) andR(E)) as input data. It is worth noticing that
the computed material properties obtained corresponds to a
perfect crystal (i. e., Qi = 1). As the internal quantum ef-
ficiency tends to vanish, variations of the optical properties
are expected as defects will introduce new electronic states.
However, in this work the perfect crystal optical properties
are considered for each value of Qi. Accordingly, the ab-
sorptance A(E) of the absorber layer is determined via Eq.
(2), assuming a flat solar cell surface and a thin film thick-
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ness d:
A(E, d) = [1 − R(E)] − exp(−2(E)d) (2)
The obtained results are presented for a solar cell tem-
perature T=300K as follow:
- First, we evaluate the optimal thicknesses (i. e., asso-
ciated to a maximum for ) of the absorber layer as
a function of Qi. To this perspective, the efficiency
of the solar cell is calculated for different values of
the absorber layer thickness d and for various internal
quantum efficiency values Qi ∈ [10−6; 1] (Fig. 4).
- Using this optimal thickness, we compute the max-
imal efficiency for a range of internal quantum effi-
ciency values Qi ∈ [10−6; 1] (Fig. 5). In addition,
to highlight the impact of the absorber layer reflectiv-
ity on the solar cell properties, the calculation is per-
formed with and without taking into account the ma-
terials reflectivity R(E) in the calculation of the ab-
sorptance A(E) (Eq. (2)).
- Then, in Fig. 6, the current density voltage curves for
the respective kesterite-based solar cells are presented
for different internal quantum efficiency values Qi ∈
[10−6; 1] and for a usual absorber layer thickness of
1.5 m.
- In Table 3, the main solar cell electrical characteris-
tics are reported first by assuming no non-radiative
recombination (i. e., Qi = 1) and secondly by assum-
ing a non-radiative recombination rate fixed by Qi =
10−4 in order to obtain results comparable to actual ex-
perimental device characteristics (i. e., experimentally
comparable VOC values). Finally, the results obtained
are compared to various experimental works.
In Fig. 4, the maximal efficiency is calculated as a func-
tion of the absorber layer thickness. Each curve represents
an internal quantum efficiency value ranging logarithmically
from 1 (highest efficiency) to 10−6 (lowest efficiency). Here,
we report a significant disparity between the Cu2ZnSiS4-
based solar cell efficiencies with values below 5% for allQi,
compared to the cells based on the two other kesterite ma-
terials. This observation is linked to the larger bandgap of
Cu2ZnSiS4, which limits drastically the short circuit current
density (see supplementary material) as illustrated in Fig.
6 and Table 3. The general trend observed for all materi-
als is an increase of the efficiency as the absorber thickness
increases over 10 nm. Then, for d just below 1 m, the ef-
ficiency reaches either a plateau (for Qi = 1) or a maximal
value for an optimal thickness, before decaying linearly as
d is increased (for Qi < 1). The optimal thicknesses re-
ported for the absorber layer thin films are between 1.15 and
2.68 m (cfr. Table 3). The observed increase of  with d
can be explained by the optimisation of the the absorptance
function A(E) which gets closer to 1 − R(E) for E > EG,
!! ↘
Figure 4: Solar cell efficiency modelling presented as a func-
tion of the absorber thin film thickness d for various internal
quantum efficiency Qi ∈ [10−6; 1].
thus maximising the short circuit current density. The op-
timisation of the absorptance also maximises Jrad,0 which
reduces VOC and reduces  but this phenomenon is not dom-
inant here. Then, for a unit value of Qi, JSC asymptoti-
cally reaches a maximum value and any further increase of
the thickness (over the optimal thickness value) does not re-
sult in any notable increase of the efficiency value. In con-
trast, for internal quantum efficiency values Qi < 1, as the
absorber layer gets thicker, the non-radiative recombination
rate increases, leading to a decrease of the open circuit volt-
age and, consequently, to the efficiency drop (see supple-
mentary material).
From the previous calculations, for eachQi value, the ab-
sorber layer thickness giving the maximum efficiency is ex-
tracted as the optimal absorber thickness value dopt. Then, in
a second calculation (Fig. 5), the evolution of the maximal
efficiency as a function of the internal quantum efficiency
for an optimal thickness is reported both without (dashed
lines,R(E) = 0) and with (full lines,R(E) fromDFT results
in section 3.3) taking into account the materials reflectivity
in the absorptance calculation (see Eq. (2)). Concerning
the impact of the materials reflectivity on the solar cell effi-
ciency for the Cu2ZnSnS4 compound, depending on the Qi
value, a percentage point loss of 4 to 8 in efficiency is ob-
served (decrease of 4 to 6 observed for Cu2ZnGeS4 and of
1 for Cu2ZnSiS4). Concerning the behaviour of  with re-
spect to Qi, the cell efficiency increases as Qi tends to unity
and as the non-radiative recombination rate decays towards
0 (see Eq. (1)). Then, as the internal quantum efficiency
decreases, the efficiencies reported also decrease with abso-
lute percentage point losses of 1.54, 0.79 and 0.07 per or-
der of magnitude, respectively for Cu2ZnSnS4, Cu2ZnGeS4
and Cu2ZnSiS4. The variation of the slopes of the material
curves observed in Fig. 5 from one kesterite to another is a
direct consequence of the materials optical properties vari-
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Figure 5: Solar cell efficiency modelling for an optimal absorber
layer thickness extracted from Fig. 4 presented as a function
of the internal quantum efficiency Qi ∈ [10−6; 1]. Results from
simulations taking into account the materials reflectivity R(E)
are presented in full lines while dashed lines represent the max-
imal efficiencies obtained assuming R(E) = 0. In inset, evo-
lution of the prefactor fixing the non-radiative recombination
rate as described in Eq. (1) with respect of Qi.
ations. Following the cationic substitution, the variation of
the material absorptance function leads to a decrease of the
radiative recombination rate value. As a consequence, for
lower value of Rrad,0, a variation of Qi implies a smaller
variation of the non-radiative recombination rate and con-
sequently of the total recombination rate. In addition, any
increase of the saturation current density J0 will lead to a
decrease of the open circuit voltage and consequently of the
efficiency. Combining these two explanations, as the mate-
rial absorptance gets optimal with respect to the black body
spectrum (i. e., from Cu2ZnSiS4 to Cu2ZnSnS4), the larger
the radiative recombination rate is, the larger the efficiency
variation per decade of Qi will be (see supplementary ma-
terial). Then, following the variation of the slope observed,
for a fixed efficiency value (for example 15%), Cu2ZnSnS4
appears more "robust" to larger non-radiative recombination
rate as theQi value required to reach this efficiency is lower
for Cu2ZnSnS4 than for Cu2ZnGeS4. This highlights the fact
that even for a lower ratio of radiative over total recombina-
tion rates, a same efficiency is obtained. This tendency is
reversed for Qi value lower than 10−5.
As shown in Fig. 6, the short circuit current density JSC
is independent ofQi as this one is related to the total number
of electron-hole pair (EHP) generated by photons absorption
(see supplementarymaterial). This quantity depends only on
the absorptance of the materials. Following the cationic sub-
stitution, the JSC value decreases as the absorptance function
worsen with respect to the solar spectrum. In opposition, an
increase of the open circuit voltage is observed as the cation
is substituted. Indeed, as the optical properties degrades, the
radiative recombination rate decreases and consequently the




Figure 6: Current density-voltage curves of solar cell modelling
for various internal quantum efficiency Qi ∈ [10−6; 1]. Results
obtained for an absorber layer thickness of 1.5 m.
a given material, as Qi tends towards a null value, the total
recombination rate will increase resulting in a decrease of
the VOC value, leading to the decrease of the cell efficiency
as reported in Fig. 5. Finally, the differences in  between
the three kesterite materials are associated to the decreasing
value of JSC which is not fully compensated by the increase
of the VOC both attributed to the poorer absorptance as we
move from the Sn-containing compound to the Si-containing
compound.
In Table 3, we report the electrical solar cell character-
istics for each kesterite material incorporated as the absorber
layer with the optimal thickness dopt and for an internal quan-
tum efficiency Qi. Focusing on the results obtained using
DFT-calculated reflectivityR(E) and using an internal quan-
tum efficiency of Qi = 10−4 giving open circuit voltage
value comparable to experimental ones [9], solar cell effi-
ciencies of 15.88, 14.98 and 2.66 % are reported respec-
tively for Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4(for an
optimal thickness of 1.15 m). However, experimentally,
lower JSC values around 21.5 mAcm−2 and smaller fill fac-
tors values between 60 and 65 % are reported. This observa-
tion highlights that the predictions realised with this model
corresponds to upper limits. Indeed, nor the materials reflec-
tivity or the absorption of the solar cell upper layers are taken
into account, leading to an overestimation of JSC. Concern-
ing the fill factor, the electrical behaviour of the electrodes
is assumed to be ideal. By repeating the calculation with a
fixed short circuit current density matching the experimen-
tal value, a cell efficiency of 12.29 % is reported as well as a
VOC value of 685 mV. This result is in good agreement with
the values reported experimentally.
Using this methodology, we confirmed the interest re-
gardingCu2ZnSnS4 for single-junction solar cell andwe high-
light a possible efficiency improvement of 10% which might
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Materials EG [eV] R(E) Qi dopt [m] JSC [mAcm−2] VOC [V] FF [%]  [%] Exp. Theo.
Cu2ZnSnS4 1.32
0 1 2.68 35.69 1.06 88.62 33.38
[9] [31, 50]
0 10−4 1.15 35.21 0.70 84.56 20.78
DFT 1 2.68 27.68 1.06 88.59 25.88
DFT 10−4 1.15 27.19 0.70 84.39 15.88
Cu2ZnGeS4 1.89
0 1 2.02 17.62 1.58 91.65 25.95
[21] [21]
0 10−4 1.15 17.53 1.23 89.82 19.65
DFT 1 2.02 13.54 1.58 91.62 19.94
DFT 10−4 1.15 13.45 1.22 89.73 14.98
Cu2ZnSiS4 3.06
0 1 1.53 1.61 2.67 94.58 4.03
N.A. N.A.
0 10−4 1.15 1.60 2.32 93.88 3.46
DFT 1 1.53 1.24 2.67 94.56 3.11
DFT 10−4 1.15 1.23 2.31 93.85 2.66
Table 3
Kesterite Cu2ZnXS4 (X=Sn,Ge,Si)-based solar cell efficiency modelling using the theoret-
ical model proposed by Blank et.al. [31]. Short circuit current density JSC, open circuit
voltage VOC, fill factor FF and cell efficiency  values are presented. For each calculation,
the optimal absorber layer thickness dopt has been precalculated and then used as param-
eter. Results are presented for an internal quantum efficiency Qi = 1 and Qi = 10−4 for
experimentally comparable VOC values. In order to highlight the impact of the materials
reflectivity R(E), the calculation have been performed both for R(E) = 0 and for R(E)
values as obtained using DFT calculations.
be achieved by reducing the non-radiative recombination rate.
Then, Cu2ZnGeS4might be interesting as top cell for tandem
approaches [21] as this material provides higher bandgap
value and interesting cell efficiency, whereas, Cu2ZnSiS4
might be interesting for solar cell applications as PV win-
dows.
4. Conclusion
In conclusion, we reported direct bandgap values of 1.32,
1.89 and 3.06 eV and absorption coefficients of the order
of 104 cm−1 for, respectively, Cu2ZnSnS4, Cu2ZnGeS4 and
Cu2ZnSiS4. Simultaneously a slight increase of the effec-
tive mass values is reported following the sequential sub-
stitution. Then, using as input data the optical properties
of the materials, the solar cell electrical characteristics are
predicted based on an improved version of the Shockley-
Queissermodel. Optimal absorber layer thicknesses between
1.15 and 2.68 m are reported and efficiencies of 25.88,
19.94 and 3.11 % are obtained for the kesterite compounds
following the cationic substitution and the induced variation
of the materials properties. In addition, using optical results,
we highlighted the negative impact of the materials reflec-
tivity on the solar cell characteristics. Using a non-radiative
recombination rate giving VOC values comparable to actual
experimental measurements, we reported a decrease of the
solar cell efficiencies to 15.88, 14.98 and 2.66 % respectively
for Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4. Pointing out
these results as upper limits, by reducing the non-radiative
recombination current density, the efficiency of Cu2ZnSnS4
and Cu2ZnGeS4 could be improved respectively by 10 and
4.96%, putting forward these kesterite compounds as promis-
ing absorber layer materials.
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